Unquantified volatile organic compound (VOC) losses occur in every phase of VOC determination including sample collection, transport, storage, preparation, and analysis. Current quality assurance/quality control measures, such as surrogate spikes and internal standards, do not account for losses that occur during sample handling nor do they account for soil matrix effects. An alternate approach, the quantitation reference compound (QRC) approach, is presented that involves direction injection of the QRCs onto the soil matrix to account for any matrix effects and losses during subsequent processing steps prior to sample analysis. Final VOC quantitation is based on the QRC instead of the internal standard, which is used strictly to monitor instrument performance. Quantifying VOCs using the QRC approach on three spiked performance evaluation soils and one unprocessed spiked field soil resulted in target compound relative recoveries of 93-105%. In contrast, using the current quantitation approach, target compound recoveries were only 2-27%. Precision between the two approaches was equivalent (on an absolute basis) with relative standard deviations of 2-15% using the QRC approach.
Introduction
Volatile organic compounds (VOCs) present analytical problems different from those encountered for other organic contaminants, such as pesticides and polychlorinated biphenyls. These difficulties arise due to the capability of VOCs to readily change physical states with an affinity for the vapor phase. As a result of this affinity, VOC losses from samples occur through numerous pathways. In the field, losses may occur during sample transfer from the sampling device to collection vessel, during subsampling, during addition of preservants, or as a result of sample disaggregation (1, 2) or poor bottle sealing (3, 4) . During sample transport and storage prior to analysis, VOCs may be lost through biodegradation and abiotic degradation (5) (6) (7) (8) (9) (10) or may become less purgeable by diffusion into intra-aggregate micropores (11) . Lastly, losses may occur at the laboratory when samples are decapped to be attached to the purge unit, during subsampling, and from punctured seals on vials (12, 13) . Losses in the laboratory may be further exacerbated by incomplete desorption during sample purging if a solid matrix, such as soil, is present (14) (15) (16) . Losses from these sources have been shown to be up to 3 orders of magnitude from known VOC concentrations (5, 17) and may account for the large number of non-detects associated with VOC data.
In an attempt to control and quantify VOC losses, quality assurance (QA) and quality control (QC) procedures are implemented at various stages in the processing stream. These measures include using blanks (equipment, field, method, reagent, and trip), initial and ongoing calibration checks, sample replication, performance evaluation samples, matrix spikes, surrogate spikes, and the use of internal standards. Additionally, if gas chromatography/mass spectrometry (GC/ MS) is used, then GC/MS tuning and mass calibration are important QA/QC tools. These QA/QC measures and samples are intended to control contamination from sources outside the sample, assess method performance, ensure proper instrument operation, and ultimately result in accurate, precise, and unbiased VOC quantification.
Internal standards are pure organic compounds that are similar in analytical behavior and not affected by the sample matrix (18) . Internal standards are used in the initial instrument calibration, in the determination of response factors (RFs) for VOC quantitation, and to verify instrument operation and calibration on a daily basis. Similarly, surrogate spikes are pure organic compounds that are similar to the analytes of interest in chemical composition, extraction, and chromatography, but which are not normally found in environmental samples (18, 19) . Surrogate spikes are added to every sample (including QA/QC samples) and used to examine the overall efficiency of the method from sample preparation through extraction and analysis. Generally, both the surrogate spike and internal standards are added to the sample just prior to purging (18, 19) .
While the current use of internal standards and surrogate spikes provides useful information about instrument operation and can be used for VOC quantitation, concern has been expressed about their effectiveness in the analysis of VOCcontaminated soils. The concern arises because surrogate spikes are supposed to monitor the overall system efficiency including the efficiency of extraction from the matrix. However, since surrogate spikes are added to the sample just prior to purging, little time to react with the soil matrix is allowed, and the assessment of extraction efficiency is thus limited. In contrast, any VOCs in the soil sample have established a partitioning equilibrium in the container between the time they are sealed and analyzed. The presence of soil sorption sites has been shown to reduce the extraction efficiency of purge-and-trap techniques (20) (21) (22) . Thus, surrogate spikes placed in the extraction water do not fully represent the extraction process occurring between soil and water.
An additional concern arises since VOCs are quantified based on internal standard-generated RFs. Internal standards are present only in an aqueous media (i.e., generally, methanol for standard preparation and water for extraction) and by definition should not be affected by the matrix (18) . However, since VOCs in soil react differently than in water, the use of aqueous-based quantitation standards is questionable and the influence of the soil matrix is neglected. Further, the internal standard may come in contact and subsequently interact with the sample prior to purge initiation, thereby reducing its effectiveness for monitoring instrument performance.
To allow for more accurate and precise quantitation of soil VOCs regardless of losses during transport, subsampling, storage, and analysis, an alternate use for the surrogate spike and internal standard is proposed. In the proposed approach, the same compounds commonly used as internal standards and surrogate spikes will be used. However, their use as QA/ QC monitors and in VOC quantitation as well as their point of entry into the sampling and analytical stream will be different.
Experimental Section
Soils. Three homogeneous performance evaluation (PE) soils, created for the EPA's National Acidic Precipitation Assessment Program, were used as base materials for this project. The soils were oven-dried at 105°C overnight and analyzed for total organic carbon and particle-size distribution following Method 9060 (19) and the sieve and pipette method of Gee and Bauder (23), respectively (Table 1) . Additionally, a fieldmoist Ap horizon collected from northern Nebraska was used to examine the effectiveness of the proposed approach on a heterogeneous (i.e., no sieving, drying, or homogenization) "real world" soil ( Table 1 ). Prior to spiking the soils with VOCs, each soil was analyzed by purge-and-trap (P&T) GC/ MS to ensure no initial VOC contamination.
Standards. Separate standard solutions were prepared from EPA traceable stock solutions, for the internal, surrogate, and target compounds in methanol at concentrations of 0.25 µg/µL. The target compounds in this study were 1,1-dichloroethane (1,1-DCA), 1,1,1-trichloroethane (1,1,1-TCA), benzene (Bz), trichloroethylene (TCE), bromodichloromethane (BrCl 2Me), perchloroethylene (PCE), ethylbenzene (EBz), bromoform (Brmfrm), and 1,1,2,2-tetrachloroethane (1,1,2,2-TTCA). The study surrogate standards were 1,2-dichloroethane-d 4 (1,2-DCA-d4), toluene-d8 (Tol-d8), and p-bromofluorobenzene (BFB). The study internal standards were chlorobenzene-d 5 (ClBz-d5), bromochloromethane (BrClMe), and 1,4-difluorobenzene (1,4-diFBz).
Sample Preparation. Twenty-four VOC-contaminated soils, divided into three sets of eight, were prepared for each PE soil by placing 5 g of soil into a 40-mL VOA vial and adding a 100 µg/kg spike containing each target compound. All samples from each PE soil also had the surrogate spikes added at a 100 µg/kg concentration during target compound spiking. The vials were immediately capped with a screw top containing a Teflon-faced silicone septum. Samples were tumbled end over end for 120 s and stored at 4°C for 3 days with the exception of the third batch of C horizon samples that were stored for only 2 days.
Similar to the process used in preparation of the PE soil batches, 24 5-g Ap horizon samples, divided into three sets of eight, were spiked with target compounds and surrogate spikes such that a final concentration of 100 µg/kg was achieved. The vials were immediately capped with a screw top containing a Teflon-faced silicone septa. Samples were tumbled end over end for 120 s and stored at 4°C for 3 days. A second batch of 24 samples, divided into three sets of eight, were spiked with target compounds, capped, and stored for 3 days at 4°C as before. Surrogate compounds were added to each set of eight samples by inversion of the VOA vial containing the soil and injecting surrogate compounds directly into the soil as it lay against the septa. These samples were not tumbled to mix the soil and surrogate spike. The first set of eight samples was analyzed 3 h after the addition of the surrogate compounds while the remaining two batches were analyzed 2 and 3 days after surrogate spike addition, respectively. This process resulted in the analysis of samples with target compound holding times of 3, 5, and 6 days, respectively.
Instrumentation. Purging was performed on a Tekmar LSC-2000 apparatus, and separation and detection was performed using a Spectra-Physics GC/MS with Saturn software following Methods 5030 and 8260 (23) . Instrument calibration was performed over the range of 10-100 µg/kg and checked on a continuing basis by direct injection of internal standards at a concentration of 50 µg/kg prior to sample desorption and comparing its response to the response from the initial calibration. A 60 m, 0.32 mm i.d., DB-624 column was used to allow for on-column injection. Conditions and settings used for these instruments are given in Table 2 .
Results and Discussion
Prior to discussion of the proposed approach, it is necessary to define several terms such that, when the current and proposed approach are discussed, confusion is avoided. The current approach to VOC quantitation is presented in Methods 5030 and 8260sP&T GC/MS (23) . The use of the terms surrogate spikes and internal standards are identical to those commonly used in these and other P&T GC/MS methods. The proposed approach, to be referred to as the quantitation reference compound (QRC) approach, follows the same analytical procedures as specified in Methods 5030 and 8260 (i.e., the current approach) except for the use and introduction points of the surrogate spikes (to be known as the QRCs in this approach) and internal standards. The QRCs are the same compounds as the current method surrogate spikes except that they are spiked directly onto the soil during target compound spiking. The QRCs will be used in the quantitation of VOCs instead of the internal standards (to be discussed). The function of the internal standards as monitors of the GC/MS system are the same between the two methods with the only difference being the introduction point in the QRC approach.
Current Method. In the current method, surrogate spikes and internal standards are added to the sample in 5 mL of reagent water, and the sample is then purged. Surrogate spikes provide a QA/QC check and must meet acceptance criteria for the sample batch to be considered acceptable. Internal standards are paired with specific target compounds (based on similarities in analytical behavior and retention time) and used in the determination of the RFs from the initial calibration curve for each target compound as follows:
where RF TC is the response factor for target compound, ATC is the area of the characteristic ion for the target compound, A IS is the area of the characteristic ion of the internal standard, C TC is the concentration of target compound (ng), and CIS is the concentration of internal standard (ng). Final concentrations of soil VOCs are calculated as follows:
where A TC, CIS, and AIS are the same as above, RFTC is the mean relative response factor for the target compound, and W S is the weight of sample (g).
QRC Approach. In the QRC approach, QRCs are added directly to the sample as soon as possible to allow maximum time for soil/QRC interaction. In a field study, QRCs should be added to the samples immediately after sample collection. If this is not possible, QRCs should be added immediately upon receipt at the analytical laboratory. In this study, QRCs were added at the time of initial soil spiking with the target 
compounds and thus allowed to interact with the soil for 3 days prior to purging. By allowing the 3-day interaction time, any matrix effects affecting target compound extraction will also have had time to affect the extractability of the QRCs. Since the QRCs will be used in the quantitation of the final VOC concentrations, any matrix effects may be accounted for. Thus, the QRCs will more accurately represent the extractability of the target compounds in the soil than the current method's internal standard.
Similar to the current approach in which each target compound is associated with an internal standard, a QRC must also be matched with each target compound. To perform this pairing, instrument response patterns of each target compound and QRC were graphed and visually compared for similar response pattern behavior within each soil type. An example of a good response match was identified for the QRC/target compound pair of toluene-d 8 and bromodichloromethane in which increases and decreases in instrument responses paralleled each other throughout the sample stream (Figure 1) .
Once the target/QRC pairs were identified, a response factor was developed for each PE soil. The response factor calculation is identical to the current method response factor except that the QRC is used instead of the internal standard. The response factor is determined as follows:
where RF TC is the response factor for a given target/QRC pair, ATC is the area of the characteristic ion of the target compound, A QRC is the area of the characteristic ion of the quantitation reference compound, C TC is the concentration of the target compound (ng), and C QRC is the concentration of quantitation reference compound (ng). Once the response factors are determined, soil VOC concentrations are calculated as follows:
where A TC, CQRC, and AQRC are the same as above, RFTC is the response factor for the target/QRC pair, and W S is the weight of sample (g).
The internal standards in the proposed QRC approach are injected directly at the head of the column by manual injection at the same time that desorption of target and QRCs from the trap is initiated. By injecting the internal standards at the column head, GC/MS operation can be monitored without any potential interactions with the soil or extraction solution and without being affected by any potential problems with the P&T system. All internal standards are required to meet an acceptance criterion (e.g., a response window of (20% of the peak area of the characteristic ion from the initial calibration) and thus will perform only a QC function and not be used during VOC quantitation.
The first step in the QRC approach is to identify QRC/ target compound pairs through response pattern matching. Toluene-d 8 was identified as the QRC for benzene, trichloroethylene, bromodichloromethane, perchloroethylene, and ethylbenzene, while bromofluorobenzene was the QRC match for 1,1,2,2-tetrachloroethane and ethylbenzene in all four spiked soils. Toluene-d 8 was also identified as a potential QRC for ethylbenzene in the Ap soil only. Three target compounds (bromoform, 1,1-dichloroethane, and 1,1,1-trichloroethane) had response patterns that were distinctly different than any of the QRCs, thereby precluding them from quantitation using the proposed approach. However, bromoform response did mimic that of 1,1,2,2-tetrachlorethane fairly well indicating that perhaps 1,1,2,2-tetrachloroethane- a QRC, quantitation reference compound; PE, performance evaluation; NE, Nebraska; Bz, benzene; Tol-d8, toluene-d8; TCE, trichloroethylene; BrCl2Me, bromodichloromethane; PCE, perchloroethylene; EBz, ethylbenzene; BFB, bromofluorobenzene; 1,1,2,2-TTCA, 1,1,2,2-tetrachloroethane; Brmfrm, bromoform. b Second figure is percent relative standard deviation of the eight samples used to generate response ratio. c An asterisk (*) indicates no target compound/QRC pairing identified in this soil.
concentration (µg/kg) ) (A TC C QRC )/(A QRC RF TC W S ) d8 might be a possible QRC for bromoform. Further research to identify QRCs for these compounds is warranted.
Once the QRC/target compound pairs were identified, response factors were calculated. The first eight analyses for each spiked soil were used to generate an average response factor for the QRC/target pairs. Even though response patterns were similar within a given horizon, the calculated response ratios differed among soils (Table 3) . Differing response ratios for the same QRC/target compound pairs among the spiked soils suggest the existence of a matrix effect.
Target VOC concentrations were calculated using either the RF generated from the internal standards (i.e., the current method) or from the QRC (i.e., the QRC approach). The results were then compared to the 100 µg/kg concentration of the target compound spike. VOC recoveries using the current method resulted in recoveries ranging from 2-27% of the known VOC concentrations in all four soils (Table 4) . In contrast, when VOC concentrations were determined using the QRC approach, relative recoveries ranged from 93-105% of the spiked VOC concentrations in all four soils.
The improved accuracy of the QRC approach is attributed to the ability of the QRC to better represent the reactions occurring among the soil, VOCs, and headspace than the internal standard currently used in VOC quantitation. Since the QRCs were injected into the sample during initial VOC spiking and allowed time to interact with the soil matrix, any losses occurring due to microbial degradation, abiotic degradation, micropore sorption, or volatilization to the vial headspace presumably occurred to the QRCs and target compounds in the same relative proportions. Thus, even though VOCs may have been lost in unknown quantities, the final target VOC concentrations can be adjusted back to their initial concentrations based on equivalent losses to the QRC and quantitation using QRC-generated RFs. This idea is supported by the results from the C horizon PE samples in which one batch was stored for 2 days and the other for 3 days. In this case, the instrument response of the samples stored for 2 days was noticeably greater than those stored for 3 days, indicating that some VOC loss had occurred. However, the final VOC relative recoveries were nearly the same and had low percent relative standard deviations (i.e., good precision) ranging from only 2-15% (Table 4 ) among the replicates.
Precision values ranged from 16 to 46% relative standard deviation (RSD) using the current approach as compared to 2-15% RSD by the QRC approach (Table 4) . While these relative differences may seem large, the differences in absolute concentrations between each calculation method are similar (i.e., low target compound recoveries using the current method result in high RSD for small variations in absolute recoveries). These results indicate that both methods are equally precise on an absolute basis but due to the more accurate percent recoveries obtained by the QRC approach, the QRC approach appears to be more precise.
To further demonstrate the advantage of using the QRC approach, comparisons were made of target compound recoveries among the three different PE soils. Higher target VOC recoveries were found in the B and Bw than the C horizon PE samples using the current quantitation method (Table 4) . A 10-and 30-fold increase in total organic carbon (TOC) content (Table 1) in the B and Bw horizons from the C horizon, respectively, may account for this result since TOC has been shown to be a significant factor in VOC retention (24) (25) (26) (27) . In contrast, by adding QRCs at the time of initial VOC spiking and thus allowing time for matrix interaction, the same levels of relative recoveries were calculated for all three spiked PE soils, regardless of TOC content and other potential matrix effects. Therefore, by using the QRC approach, comparisons in VOC concentrations between soils and sites can be made based on actual differences in VOC concentration with minimal concern about matrix effects caused by differing TOC contents or particle-size distributions.
The influence of contact time between the QRC and soil (as determined after 3 h, 2 days, and 3 days) appeared to be minor in the spiked Ap soil (Table 5 ). Average target compound relative recoveries ranged from 93 to 99% (absolute recoveries ranged from 88 to 105%) with RSDs ranging from 2.6 to 8.2% using the QRC approach. In contrast, average recoveries using the current quantitation method ranged from 1.8 to 5.1% of the known concentration. These results indicate that the QRC approach can accurately monitor VOC concentrations regardless of holding times, soil matrix effects, compound class, and VOC losses to the system through time and sample handling, preparation, and analysis. Therefore, even if the samples are spiked with the QRCs in the laboratory upon sample receipt, the QRC approach is useful in monitoring VOC losses during future sample processing steps. However, it is recommended that the samples be spiked at the earliest time, preferably in the field, to allow for full soil/ QRC interaction and VOC loss monitoring. Internal standards, introduced to the head of the GC column by manual injection, provided response variations of (20% indicating consistent, precise GC/MS operation. Direct injection of the internal standards in the QRC approach is designed to monitor just the GC/MS function and to totally eliminate any potential extraction solution/soil matrix interaction with the internal standard as required by definition (18) . Auto-injection of internal standards should reduce variation and allow for even tighter recovery windows, resulting in an continuous, reliable monitor of the GC/MS.
